Iron carbides in association with native iron, graphite, and magnetite were identified in a diamond from the Juina area, Brazil, which contains a series of other, lower-mantle mineral inclusions. Among iron carbides, Fe 3 C, Fe 2 C ("chalypite"), and Fe 23 C 6 (haxonite) are present; the two latter are identified in the terrestrial environment for the first time. Some of the analyzed iron carbide grains contain 7.3-9.1 at.% N and are, in fact, nitrocarbide. It is suggested, based on the high-pressure mineral paragenesis previously observed in the diamond and experimental data on the system Fe-C, that "chalypite" crystallized, within a pressure interval of 50-130 GPa, from an iron-carbon melt, rich in nitrogen. Following crystallization, iron carbides and native iron were partially oxidised to magnetite, and encapsulated in diamond along with other highpressure minerals. The finds of various iron carbides, some of which are rich in nitrogen, in lower-mantle diamond confirm a significant role of carbides and nitrogen in the Earth's interior.
Introduction
In recent decades, lower-mantle mineral inclusions in diamond from different areas were identified. Compositional features and associations of some grains of ferropericlase gave reasons to suggest their origin within the D" layer at the core -mantle boundary (Harte et al., 1999; Kaminsky et al., 2006) . Recently one of diamond crystals from the Juina area in Brazil was found to contain carbonate and halide inclusions associated with wüstite + periclase association, presumably from the D" layer (Kaminsky et al., 2009a) . During the subsequent study of this diamond, presented here, another interesting association was identified: iron carbides + native iron + magnetite + graphite.
In this work, an occurrence of cohenite is described in addition to other iron carbides reported for the first time from the terrestrial environment. Here, we find that some of the analyzed iron carbide grains contain up to 9.1 at.% nitrogen and are, in fact, "nitrocarbide" that is also identified from the natural, terrestrial environment for the first time. We characterize these phases in this paper.
Background Information
Natural iron carbide samples were discovered and reported from the study of iron meteorites. Three iron carbides are known from meteorites to date: cohenite, chalypite, and haxonite. Cohenite, (Fe,Ni,Co) 3 C, was described after its occurrence in the diamond-bearing iron meteorite Magura (Slovakia) in the 1840s; it was named after Professor E.M. Cohen and has the composition Fe 3 C (Weinschenk, 1889) . Since its discovery, cohenite has been identified in many other iron meteorites (Buchwald, 1975) . Chalypite (as Fe 2 C) was identified in 1854 by Forchhammer (1861) as a leading constituent of the Niakornak iron meteorite (from Greenland). The mineral was named by Shepard (1867) who, in his classification of meteorites, distinguished a special group of iron meteorites as "chalypitic", or "steel-like" (from the Greek word steel); the principal mineral constituent of these meteorites was termed "chalypite". Chalypite has not subsequently been identified in any meteorite, following its initial discovery (probably because all iron carbides found in meteorites have been considered a priori to be cohenite; many of them were not analyzed). This absence provided grounds for Buchwald (1975) to consider the mineral as misinterpreted cohenite; later he offered to delete this mineral (Buchwald, 1977) . This suggestion, in our opinion, was premature. Our chemical and structural data below confirm the existence of chalypite as a separate, natural mineral phase; and we use the original Shepard's (1876) name "chalypite", in this work, although it is not yet approved by the IMA. Haxonite (Fe,Ni,Co) 23 C 6 was identified in the Toluca (Mexico) and Canyon Diablo (USA) iron meteorites by Scott (1971) , as well as in several other iron meteorites (Buchwald, 1975) . It occurs as a minor accessory in meteorites that also contain cohenite. Both cohenite and haxonite in meteorites are frequently found to have decomposed to "ferrite" (-Fe) and graphite, reflecting thermodynamic instability for the former minerals at atmospheric pressure and temperature conditions (Buchwald, 1975) . Cohenite was further reported in lunar rocks collected in almost all of the Apollo missions (Goldstein et al., 1976) and in the lunar soil from various Luna missions (Barsukov & Tarasov, 1982) .
In natural terrestrial environments, only one iron carbide, cohenite has been described until recently. It occurs usually in association with native iron as inclusions in diamond (Sharp, 1966; Bulanova & Zayakina, 1991; Jacob et al., 2004; Jones et al., 2008) . In addition to its presence as inclusions within diamond from kimberlites, cohenite occurs in association with diamond, wüstite, native iron and other minerals in ophiolitic chromitite from Luobasa, Tibet, along with another, recently discovered iron carbide, yarlongite (Fe,Cr,Ni) 9 C 4 (Shi et al., 2009) . Besides diamond parageneses in kimberlite and ophiolite, cohenite + native iron + graphite associations are known from basaltic rocks found on Disko Island, Greenland (e.g., Goodrich and Bird, 1985; Ulff-Møller, 1985) and at the Bühl near Kassel in Germany (Irmer, 1920) .
Besides these occurrences in the natural environment, cohenite as "cementite" and some other iron carbide varieties are well-known from and have been studied in metallurgy since the 1890s.
Sample and Analytical Techniques
The crystal selected for study, #8/1-3, is a dodecahedroid typical of the Juina area in Mato Grosso State, Brazil. Its dimensions are 5.2  4.9  3.8 mm. Optical microscopy reveals numerous inclusions of differing size and colour within this stone. The nitrogen concentration of diamond #8/103, detected with Fourier Transform Infrared Spectroscopy (FTIR), is 44 ppm and consists only of B-centres (N B ); i.e., this is a Type-IaB diamond (Kaminsky et al., 2009a) . Such low concentration and high nitrogen aggregation ratios are characteristic for "deep" diamond (e.g., Hutchison et al., 1999; Kaminsky et al., 2009b) . Another interesting feature of this stone, like for most of the "deep" diamond crystals in the Juina area, is a high concentration of the hydrogen impurity centre identified at 3107 and 1405 cm -1 in the IR spectrum . Commonly, this centre is either absent or weakly expressed. In contrast to the majority of diamond deposits worldwide, almost all of the diamond crystals from the Juina pipes (80-89%) have noticeable (up to 4.2 cm -1 ) levels of hydrogen C-H-centre (Kaminsky et al., 2009b) . Diamond #8/1-3 was crushed, and individual diamond fragments were selected for focused ion beam (FIB) sample preparation. Only those inclusions in the diamond lying close to the surface (after crushing) were selected to be suitable for FIB-assisted transmission electron microscopy (TEM). Seven TEM foils were prepared from a single fragment (##2025, 2044, 2049, 2053, 2063, 2073, and 2106) . Electron-transparent foils were milled by FIB techniques, applying a single-beam device (FEI FIB 200 TEM) operated at GFZ Potsdam (Ga-ion beam, 30 keV acceleration voltage). The foil thicknesses were found to vary from 100 to 150 nm. The electron transparent foils (typical dimensions: 15  10  0.15 m) were cut normal to the diamond fragment surface. Details of the FIB sample preparation are given in Wirth (2004 Wirth ( , 2009 .
The foils were studied with TEM at the GFZ. A variety of TEM techniques, such as bright field -dark field imaging, high-angle annular dark-field imaging (HAADF), electron diffraction, electron-energy-loss spectroscopy (EELS), and analytical electron microscopy (AEM) were applied, utilising a TECNAI F20 XTWIN transmission electron microscope with a field emission gun as an electron source. This electron microscope is equipped with a Gatan Imaging Filter (GIF) Tridiem, an EDAX X-ray analyzer and a Fishione high-angle annular dark-field detector. Bright-field (BF), dark-field (DF) images, as well as high-resolution images, were invariably acquired as energy-filtered images. For this purpose a 20 eV window was applied to the zero-loss peak. The quantification of Fe, C and N in the iron carbides was carried out from EEL spectra that contain both the CK edge and the FeL 3,2 using the Digital Micrograph software package. The spectra were acquired in the diffraction mode with the electron beam focused; the beam size was approximately 2-5 nm. The total error of the relative quantification of Fe, C and N is less than 10%. The minimum detectable number of nitrogen atoms in a silicon matrix with EELS is in the range of 10 4 -10 5 atoms (Joy, 1986) . The following parameters were applied during spectrum acquisition: spectrum dispersion -0.3 eV/pixel; entrance aperture -2 mm; camera length -770 mm; convergence angle -2.0 mrad; collection angle -10.0 mrad; acquisition time -1 second; model for calculating the cross section -Hartree Slater; back-ground model -power law. The trace-element composition in iron carbides in a diamond was measured with AEM and EELS. We used AEM (EDX) with an X-ray analyser with an ultra-thin window. The uncertainties for AEM measurements of Fe are approximately 3%; for Cr and Ni, they are approximately 10%. The X-ray intensity spectra were usually acquired in the scanning transmission mode (STEM) scanning the electron beam in a selected window approximately 20  20 nm in size (window analysis), thus reducing mass loss during the measurement significantly. It was impossible to use AEM for the carbon and nitrogen quantification because the X-ray fluorescence yield for C and N is very low, and no reliable k AB factors † are available.
Results
Five of the seven studied foils (##2025, 2049, 2053, 2063, and 2073) contain polymineralic inclusions within the diamond, which are the parts of a single, flattened, graphite -iron carbidenative iron -magnetite inclusion. The inclusion is approximately 10 m in two dimensions and up to 0.3 m thick. Foils ##2025, 2049, and 2073 represent the major part of the inclusion, whereas foils ## 2053 and 2063 cut across it (#2053 in the central part and #2063 in the periphery of the inclusion). One of the foils (#2025) contains all four phases; the others represent the association iron carbide + graphite that comprises the bulk of the inclusion. The sixth foil (#2044) contains only graphite. Foil #2106 missed the inclusion.
All mineral phases were identified based on diffraction data (fast Fourier transforms, FFT), EEL spectra, and EDX spectra. Only in those cases where the calculated unit-cell parameters are in agreement with the observed data from the diffraction pattern was the phase identified unambiguously.
Foil #2025 contains a fragment of the inclusion, which has irregular shape and is approximately 2.5  4 m in size. It is located within a diamond matrix with high density of dislocations. The inclusion is composed of four phases: iron carbide, native iron, magnetite, and graphite (Fig. 1) . The magnetite grain, approximately 1.1 m in size, is a polycrystalline aggregate with porosity, which was filled with fluid prior to the FIB milling. This magnetite grain is located near the foil surface. This particular fragment of diamond was at first laser-cut, and then crushed. The actual surface represents the interior of the original grain. As the extension of the inclusion above the present-day surface is unknown, we were unable to determine the precise location of this grain within the graphite -iron carbide -native iron -magnetite inclusion. The rim of the inclusion is composed of native iron, and the core of the inclusion is composed of iron carbide. Iron carbide is an aggregate of grains, 0.5-1 m each, with high density of dislocations (Fig. 2) . Some of the iron carbide grains (in the upper part of Fig. 1 ) display a zig-zag-like interface with graphite, caused, most likely, by the high density of dislocation in carbide. The iron carbide thus was corroded by graphite. In foil #2063, however, the reverse relationship can be seen, with the influence of iron carbide on graphite (see below) dominant. Moreover, some smaller grains of iron carbide are embedded in the graphite matrix.
Several EDX spectra were used in estimating the mineral compositions (Fig. 3) . In some cases, they demonstrate the existence of impurities in the minerals, such as nitrogen in iron carbide ( Fig. 3A ) and in native iron (Fig. 3B ).
According to electron-diffraction data, two phases were identified among iron carbide grains, Fe 3 C and Fe 2 C. Both iron carbide phases have an orthorhombic structure, but differ in their unit-cell dimensions: Fe 3 C: a 0 = 0.509 nm, b 0 = 0.6748 nm, c 0 = 0.4523 nm (Wood et al., 2004) ; and Fe 2 C: a 0 = 0.4704 nm, b 0 = 0.4318 nm, c 0 = 0.2830 nm (Hirotsu & Nagakura, 1972) .
Fast Fourier transforms (FFT) diffractograms, acquired from high-resolution TEM images from the iron carbide phases, can be indexed as (211) and (210) with a zone axis of 1-20. Alternatively, it can be indexed as Fe 2 C with the lattice planes (010), (210) and (200) with a zone axis of 00-1.
The ultimate test for correct indexing of the diffraction pattern is the comparison of the measured angles between the vectors or lattice planes and the calculated angles between the corresponding lattice planes. In this particular diffraction pattern, we observe no substantial differences indexing the diffractogram as Fe 3 C and Fe 2 C. For example, in the case of the diffraction pattern shown in Fig. 4A it is obvious that indexing the diffractogram as Fe 2 C the angles fit as well as for indexing it as Fe 3 C. The calculated angle between (210) and (010) planes for Fe 2 C is 61.4° (measured angle is 61.9°) and the calculated angle between (210) and (200) planes is 28.58° (measured angle is 27.8°). In comparison, the calculated angle between (211) and (001) planes for Fe 3 C is 62.23°, whereas the observed angle is 61.9°. The calculated angle between (211) and (210) planes is 27.77° and the observed angle is 27.8°. In this case, the electron diffraction data does not unambiguously allow the determination of one unique, and therefore correct iron carbide phase.
Qualitative EDX analysis of that iron carbide grain shows the presence of nitrogen in the iron carbide phase (Fig. 3A) . In another iron carbide grain from foil #2053 we observed a iron carbide grain with the same diffraction pattern as mentioned above. However, in that grain we were able to measure the Fe/C ratio with EELS and thus to find a composition of Fe 2 C. Additionally, this grain contained nitrogen, making it likely that the iron carbide grain in foil #2025 is also Fe 2 C. Unfortunately, foil #2025 was not thin enough at that location to acquire a good quality EEL spectrum to quantify the Fe/C ratio. EDX analysis cannot be used to quantify nitrogen or carbon because there are no reliable k ab factors available and because the fluorescence yield for these light elements is extremely low.
In foil #2049, a triangular inclusion, approximately 5 m in size is observed. It is principally composed of polycrystalline graphite with finely dispersed (20-50 nm), irregularly shaped iron carbide grains (Fig. 5) .
Much coarser grains of iron carbide (up to 2 m in length) are visible along the interface with the host diamond. They form sharp, even iron carbide -diamond phase boundaries, and very irregular, corrosion-type ones with graphite. In this foil, iron carbide was determined as Fe 2 C or (001), (210) and (211) with the zone axis of -120) or Fe 2 C ( (200), (210), (010) with a zone axis of 001). The measured angles between corresponding lattice planes are: 1) for Fe 2 C: angle between (210):(010) is 60.8° (61.4° calc.) and between (210):(200) the angle is 28.8° (28.58° calc.); 2) for Fe 3 C : angle between (211)/(210) = 28.8° (27.77° calc.) and between (211)/(001) = 62.04 (62.23° calc.). EELS measurements also could not be performed because the iron carbide grains were not thin enough to obtain reliable quantitative results.
In foil #2053 a cross-cut of the inclusion, approximately 0.2-0.3 m wide, runs through the entire foil (Figs. 6A, B). The diamond shows low density of dislocations in the vicinity of the plate. The inclusion consists of iron carbide crystals embedded in a graphite matrix. In the dark field image (Fig. 6B) , a bright contrast of many of the iron carbide crystals indicates that they have the same crystallographic orientation. These grains thus were a single crystal that was subsequently replaced by graphite that disintegrated. Like in the case of foil #2049, iron carbide grains have sharp interfaces with diamond and invariably with rough and strongly curved interfaces with graphite; this is well demonstrated in Fig. 7 that also shows relics of iron carbide grains (less than 100 nm in size) embedded within the graphite matrix. Rarely, in the highresolution electron microscopy (HREM) images, the iron carbide grains show moiré patterns, which is an interference pattern commonly observed if plate-like crystals with slightly different lattice spacings are stacked upon each other or if two crystals with the same lattice spacing are twisted with respect to one another.
The EELS and electron-diffraction data identified again (as in foil #2025) two structural and compositional varieties of iron carbide, Fe 3 C and Fe 2 C, based on lattice fringe spacing measured from high-resolution images (FFT) (Figs. 4B, C). From each diffractogram, three vectors were measured and compared with calculated lattice-spacings of Fe 3 C and Fe 2 C.
Several diffraction patterns were indexed as Fe 3 C. One of the diffraction patterns (Fig. 4B) , as an example, was indexed as: (010) Table 1 ). In addition, we were able to combine structural observations with chemical composition from EELS data for this iron carbide species. In the same grain, we measured Fe = 76.9 at.% and C = 23.1 at.% with a Fe/C ratio = 3.33 (Table 2 , grain #11). However, other grains of the iron carbide phase could be indexed as Fe 2 C. One of them, as an example (Fig. 4C) , was indexed as: (010) (Table 1) . We conclude, therefore, that some of the iron carbide grains present in this sample are Fe 2 C. This is also supported by the Fe/C ratio determined with EELS. The chemical composition of this grain (Table 2, grain #12) was different from the Fe 3 C carbide: Fe = 62.8 at.%; C = 28.1 at.%; N = 9.1 at.%; Fe/C = 2.23 and Fe/(C+N) = 1.69. The presence of nitrogen in this grain is documented in the EEL spectrum.
In foil #2053, another carbide variety was identified. The diffraction pattern of that carbide phase is different from both Fe 3 C and Fe 2 C: (001) 0.447 nm; (100) 0.402 nm; and (101) 0.299 nm (Fig. 4D ). As such, the peaks could be indexed based on the diffraction patterns of a synthetic alloy -Fe 3 (N 0.80 C 0.20 ) 1.395 which has a Fe/(C+N) ratio 2.15, i.e., similar to the Fe 2 C composition but with a C/(C+N) ratio of 0.20: (001) 0.4406 nm; (100) 0.4135 nm; and (101) 0.3015 nm (Leineweber et al., 2001 ). The C/N ratio in this synthetic alloy can vary because both carbon and nitrogen are located in the interstitial positions of the lattice (Leineweber et al., 2001) . This compound, having a trigonal crystal structure, is called carbonitride and is of great importance to metallurgy.
Foil #2063 contains another, thin cross-cut (approximately 50 nm wide and 6 m long) inclusion that is comprised mainly of iron carbide (predominant in this case) and some graphite. The iron carbide individual crystals are small (30-350 nm × 15-20 nm) platelets, oriented parallel to the borders of the inclusion (Fig. 8) . At the curved tip of the iron carbide crystals, a thin layer of graphite (approximately 5-6 nm) coats the carbide tip following precisely its curvature (Fig.  9) . The graphite seems to have crystallized after the formation of iron carbide and might represent in situ replacement of carbide.
Foil #2073 contains an equidimensional inclusion with a diameter of approximately 8.5 m; it is composed mostly of graphite (Fig. 10) . Irregularly shaped iron carbide grains, to 2 m in size are developed within the graphite matrix and along its border with diamond (for example, in foils #2049 and #2053; Figs. 5-7). The carbide grains developed along the graphite -diamond border have, as usually, sharp, even boundaries with diamond and very irregular, strongly corroded ones with graphite.
In general, some general statements about the inclusion textures can be formulated as follows:
1. Iron carbides and graphite form the bulk of the inclusion, with graphite the predominant phase.
2. Iron carbides and native iron are polycrystalline aggregates composed of irregular, allotriomorphic grains, 0.5-1 m in size, in some cases with high density of dislocations.
3. Iron carbides forms large (up to 2 m) grains developed within a graphite matrix or along diamond interfaces, together with finely dispersed (< 50 nm), irregularly shaped grains within a graphite matrix.
4. Iron carbides and graphite are closely interrelated: in some cases, iron carbide influences the crystallization of graphite (e.g., foil #2063; Fig. 9) ; in other cases, large grains of iron carbide, developed along diamond grain-boundaries, have sharp boundaries with diamond, and very irregular, corrosion-type interface with graphite, indicating the replacement of iron carbide by graphite (Figs. 5-7, 10) . In some areas, fragments of iron carbide adopt the initial orientation of the primary, large grain (foil #2053; Fig. 6B ).
5. Magnetite is a minor mineral phase, and the only phase with porosity.
Characteristics of minerals

Native iron
Native iron, in foil #2025, was identified by FFT diffraction data (the lattice spacing 0.202 nm of the (101) reflections) and confirmed with the EDX spectrum (Fig. 3B) . A minor nitrogen impurity was observed in the EDX spectrum; however, it cannot be quantified because there are no reliable k AB data for nitrogen available. In another EDX spectrum, a minor admixture of Ni is also detected.
Graphite
Graphite, according to the high-resolution images, displays a characteristic lattice spacing of 0.335 nm for the (0002) lattice planes of graphite (foil #2063, Fig. 9 ). Other HREM images show that graphite is strongly deformed and does not appear as a single crystal. In general, the HREM images show that graphite is poorly crystallized. This is expressed in curved and bent (0002) lattice fringes and smeared out (0002) reflections in the diffraction patterns.
Magnetite
Magnetite, in foil #2025, forms a grain approximately 1.1 m in size (Fig. 1) . It was identified as iron oxide from EDX spectra (Fig. 3C ) and confirmed as magnetite by diffraction data (FFT from high resolution images): 0.291 nm (022), 0.253 (311). The magnetite contains minor chromium (0.28 at.%; Table 3 ).
Iron carbides
Iron carbides comprise an important part of the inclusion and form an aggregate of euhedral grains, 0.5-1 m in size. The diffraction data (Table 1) indicate that at least two varieties of iron carbide are present: cohenite and "chalypite". Iron carbide from foils #2025 and #2049 has evidence of both; however, the foils were not thin enough to obtain EELS measurements to discriminate between the two phases.
From foil #2053, fourteen grains were analyzed by means of EELS using the CK edge and the FeL 3,2 edges. The chemical compositions of these grains, based on the EELS data, are presented in Table 2 . The iron concentration varies from 62.2 to 79.9 at.%; the carbon from 20.1 to 37.8 at.%. This gives a wide range of Fe/C variations, from 1.65 to 3.98. Variations in concentrations of Fe and C, within the same grains (#9 and #10) are within the range of analytical error (± 10%), while differences in Fe/C values between different grains may be caused by differences in their structures. Grains #11 and #12 from Table 2, besides the EEL spectra, were analyzed structurally (analyses #3 and #7 in Table 1 , respectively). The Fe/C values of these grains (3.33 for analysis #3, and 2.23 for analysis #7) correspond to Fe 3 C (cohenite), and Fe 2 C (chalypite), respectively.
The values of Fe/C differ from the stoichiometric ones not only because of the uncertainty of the measurement but, likely, because of the presence of other elements in the composition of the iron carbides. The major of those is nitrogen, which was identified in some EDX and EEL spectra. Fig. 11 represents an EEL spectrum of "chalypite" with a high concentration of nitrogen; in the analyzed cohenite, nitrogen was not observed. The quantification of nitrogen in the three "chalypite" grains (##12-14) gave its concentrations from 7.3 to 9.1 at.%.
Other admixtures in iron carbides are minor amounts of Cr (0-1.30 at.%) and Ni (0-0.50 at.%) ( Table 3) . This corresponds to analyses of other terrestrial cohenite, such as Ni = 0.6-3.1 wt.%, and Co = 0.3-0.6 wt.% (Goodrich & Bird, 1985; Ulff-Møller, 1985; Jacob et al., 2004) . Some lunar and meteoritic occurrences of cohenite, however, are richer in Ni (up to 4.1-7.0 wt.% in lunar samples, Goldstein et al., 1976; and up to 2.3 wt.% in meteoritic samples, Buchwald, 1975) .
The Fe/C values presented in Table 2 vary from grain to grain but remain almost constant within the same grain. Across one grain (#10), a profile was measured. Although Fe/C, in this profile, varies within a range of 0.31, it remains within the uncertainty of the measurement.
The variations in Fe/C from grain to grain are not gradual but have a discrete character. Considering the Fe/C variation for a single iron carbide variety of up to 0.7-0.8 (see chalypite Fe/(C+N) variations from 1.65 to 2.32 in grains ##12-14, Table 2 ), we grouped the fourteen analysed grains by their Fe/(C+N) values, to around 2, 3, and 4 (Fig. 12) . Most grains are, therefore, "chalypite" with Fe/C varying from 1.65 to 2.32 at.% (nine grains, or 64.1%); 21.4% are cohenite with Fe/C from 3.02 to 3.39. Two grains have Fe/C from 3.59 to 3.98 and may be haxonite (Fe,Ni,Co) 23 C 6 , for which the theoretical Fe/C ratio is 3.83 (Scott, 1971 ).
Discussion
Iron carbide paragenesis
The first discovery of cohenite as an inclusion in diamond and in that case in association with troilite was made in a monocrystalline diamond from the South African Jagersfontein pipe by Sharp (1966) . Later Bulanova & Zayakina (1991) found cohenite included in monocrystalline diamond from the Siberian XXIII Party Meeting pipe in association with native iron, graphite and silicate. In that inclusion, an aggregate of cohenite and native iron surrounds graphite, which comprises the bulk of the inclusion, -exactly like in our sample. It was concluded that the observed association was formed within the diamond stability field. Following these discoveries in monocrystalline diamond, cohenite has also been identified in a polymineralic diamond aggregate (bort) from the Venetia mine, in the Republic of South Africa where cohenite is associated with native iron, troilite and graphite. Jacob et al. (2004) concluded that the cohenite formed at the base of the subcratonic lithosphere from a C-H-O fluid, and that native iron was formed as a result of decomposition of cohenite. However, this model cannot be applied to our case because the Venetia cohenite is encapsulated within an eclogitic garnet, and the host diamond has an "eclogitic" signature with a light carbon isotopic composition ( 13 C = -13.69 ‰ PDB); the diamond aggregate, most likely, was formed during the course of the subduction of a lithospheric plate. Recently, cohenite has been reported in a series of diamond crystals from the Jagersfontein pipe, South Africa, where it associates with other, Fe-Cr (Cr up to 15 wt.%) and Fe-Ni (Ni up to 9.3 wt.%) carbides. According to preliminary data, X-ray diffraction patterns of these carbides do not confirm the presence of cohenite, and their metal/carbon (M/C) ratio varies from 3.14 to 4.31 (Jones et al., 2008) . In diamond from Siberia and Venetia, cohenite is associated with native iron and graphite.
Native iron was initially discovered in diamond from Siberian kimberlitic pipes Mir, Aikhal, and Udachnaya, where it is associated with silicates and sulphides (Sobolev et al., 1981) . Later native iron in Siberian diamond was confirmed by Garanin & Kudryavtseva (1990) . In another Siberian pipe, XXIII Party Congress, native iron was identified in a touching association with cohenite and graphite (Bulanova & Zayakina, 1991) . Native iron was found as well in diamonds from the Sloan pipe, USA (Meyer & McCallum, 1986) ; from Mwadui kimberlite, Tanzania, in association with primary wüstite and magnetite (Stachel et al., 1998) ; from placer deposits in Myanmar (Win et al., 2001) ; and from the pipe Pandrea-2, Brazil (Kaminsky et al., 2009b) . All these finds are primary, syngenetic (or formed prior) to diamond inclusions.
Magnetite is observed as an inclusion in diamond more frequently. After an early discussion concerning its origin in diamond, the research of Harris (1968) and Meyer & Tsai (1976) proved that magnetite may be a primary phase in diamond. Primary magnetite is found as inclusions in diamond from Arkansas, USA (Pantaleo et al., 1979) , from Pipe 50, Liaoning, China (Gorshkov et al., 1997) , from Guaniamo, Venezuela (with high, 15.2 wt.% TiO 2 ; Sobolev et al., 1998) , from the Dokolwayo kimberlite, Swaziland, Southern Africa (Daniels & Gurney, 1999) , and from placer deposits in the Ukraine (Kvasnytsya & Wirth, 2009 ). In all these finds, magnetite in diamond usually associates with silicates and various oxides, but never with carbide. In one of the Siberian inclusions in diamond, magnetite forms a rim on native iron (Sobolev et al., 1981) . In the studied by us sample from Juina, magnetite develops after a native iron-carbide aggregate.
Our polymineralic inclusion is very unusual. The iron carbide present is not a single species, cohenite, Fe 3 C; two other iron carbides also are present, "chalypite" and potentially haxonite that has never before been observed in a terrestrial sample. For the first time, all three iron carbides are found to coexist, forming a series "chalypite" -cohenite -haxonite.
Such series of Fe, Co, Ni, Cr, and Mn carbides are well studied in technical applications. They belong to so-called intermediate transition-metal carbides, which share features with both the interstitial and the salt-like carbides. Like the interstitial carbides, iron carbides are metal-like compounds that have no ion connection in their crystal lattice; in their structures, carbon atoms occupy interstices between closely packed metal atoms. Different positions of metal atoms, in a crystal lattice, leads to multiple stoichiometries, such as M 23 C 6 , M 3 C, M 7 C 3 , M 3 C 2 , M 4 C 3 , MC, MC 2 with variable (but fixed for each stoichiometry) M/C ratios (e.g., Kosolapova, 1971; Cottrell, 1995) .
Chemical composition of "chalypite"
The exact chemical formula of "chalypite" is still unclear. In the first analyses from the Niakornak meteorite, carbon content was documented at between 7.23 and 11.06 wt.%, "which would indicate the formula of Fe 2 C for this species" (Shepard, 1867, p. 28) . In all later references (e.g., Weinschenk, 1889; Strunz, 1978) , this mineral has a quoted formula of Fe 2 C, although Shepard himself, considering uncertainty in the carbon determination, indicated "chalypite" as Fe*C*. Indeed, in those first analyses, the F/C value varies from 1.74 to 2.75.
Our analyses of "chalypite" have a similar range in F/C, 1.65-2.32 for nine grains (13 analyses, Table 2 ). Considering them as a single group, the average composition may be approximated as Fe 2 C. However, in metallurgy, iron carbide Fe 7 C 3 is a stable phase (with an average Fe/C value 2.33), but Fe 2 C is not known. Fe 7 C 3 is considered as an isomorph with Cr 7 C 3 , Ru 7 B 3 and other substances (Herbstein and Snyman, 1964) . Several polytypes and two structures of Fe 7 C 3 (orthorhombic and hexagonal) are known now (Fang et al., 2009 and references therein) . The compound Fe 7 C 3 crystallizes at higher pressures than "cementite" (cohenite) Fe 3 C (Tsuzuki et al., 1984) . Based on the experimental data, an association (Fe,Ni) 7 C 3 + diamond is considered as the major reservoir of carbon in deep Earth (Dasgupta & Hirshmann, 2010) .
We suggest that the composition of meteoritic "chalypite" might also be Fe 7 C 3 , and may be applied to the terrestrial "chalypite" as well. During the course of decompression, Fe 7 C 3 decomposes into Fe 3 C + carbon (Tsuzuki et al., 1984) , and could explain why we have two carbide phases in our samples: "chalypite" is the relict phase, and cohenite is the decomposition one; and why graphite predominates in the association. Graphite comprises ~81-84 vol.% of the system (83.7% in foil 2049, Fig. 5 ; and 81.7% in foil #2073, Fig. 10 ). In addition, such a mechanism explains the secondary character of graphite; it represents a corrosion-type replacement of iron carbide (Figs. 5-7, 10 ).
Thermodynamic conditions of iron carbide and graphite formation and the history of the association
The system Fe-C at 1 atm pressure has a eutectic at ~1150 o C and ca. 4 wt.% C (Okamoto, 1990) . Under pressures of 5-10 GPa, the eutectic point moves toward a greater carbon concentration (ca. 4.2-4.5 wt.%) at higher temperatures: 1250 o C at 5 GPa (Chabot et al., 2008) , 1370 o C at 5.6 GPa (Strong and Tuft, 1973) , and 1420 o C at 10 GPa (Lord et al., 2009) . During eutectic growth, grain boundaries of "cementite" in steels are commonly allotriomorphic, as is evident in our sample (e.g., Aaronson, 1962) . At pressures in excess of 10 GPa, there is a decrease in the carbon content, as the eutectic falls rapidly (Lord et al., 2009) ; at pressures found in the Earth's core (i.e., up to 136 GPa), the carbon content, at the eutectic, is expected, therefore, to be very low (Wood, 1993) . In contrast, the experimental work of Nakajima et al. (2009) provided different values for the position of the eutectic point, and it was found that Fe 7 C 3 , not Fe 3 C could, in their opinion, be the primary crystallizing carbide phase in the Earth's core.
In the system Fe-C, cohenite-"cementite", Fe 3 C, is stable at pressures of less than 5-6 GPa. At higher pressures, Fe 7 C 3 becomes the stable species (Shterenberg et al., 1975; Tsuzuki et al., 1984; Nakajima et al. 2009 ); at 50 GPa both Fe 3 C and Fe 7 C 3 are stable and coexist in subsolidus until ~120 GPa, corresponding to depths of ~3,400 km (i.e., within the outer core), where cohenite fully disappears, and only Fe 7 C remains stable in association with diamond in both the liquidus and subsolidus associations (Lord et al., 2009) (Fig. 13) . Accordingly, one should expect that, under outer-core to lower-mantle conditions, Fe 7 C 3 (exclusively or predominantly) should crystallize from an iron-carbon liquid. It is interesting that in the Fe-C system, under such extreme P-T conditions (starting from ~3,700 km depth in the outer core) diamond crystallizes first and can associate, in the subsolidus, with Fe 7 C 3 and with cohenite Fe 3 C, if the carbon concentration is sufficient (Fig. 13) . Also, the initial system represents a local enrichment with carbon where graphite comprises ~81-84 vol.% of the system. Taking into account that in carbides, carbon comprises 20.1-37.8 at.% (Table 2) , this gives an approximate carbon concentration, in the observed system, at ~86-90 at.%, figure more than sufficient to make the system oversaturated with respect to carbon.
Which carbon phase, diamond or graphite crystallizes together with Fe 7 C 3 , depends on the temperature of crystallization. At higher temperatures graphite is stable, at lower temperatures diamond crystallizes, and closer to the eutectic point, Fe 7 C 3 , and then Fe 3 C crystallizes (Shterenberg et al., 1975; Lord et al., 2009) . In addition to the temperature, the concentration of nitrogen plays important role in crystallization of different carbon phases (diamond and graphite). Recent experiments performed by Palyanov et al. (2010) in a Fe-Ni-C system within the diamond stability field demonstrated that, with increasing concentration of nitrogen, the growth of a single crystal diamond is followed by formation of block twinned crystals, increasing of density of dislocations (like in our sample) and then by crystallization of metastable graphite. This explains the existence of the association: graphite + diamond + "chalypite" + cohenite + native iron (some of these phases may be metastable); the latter exists, in metallurgical solidus systems, as austenite (-Fe). Magnetite, in the observed natural association, is an additional, disequilibrium, secondary phase formed as a result of partial oxidation of primary phases, iron carbide and native iron.
These experimental data, combined with the presence, in the Juina diamond investigated, of stable, lower-mantle mineral phases, that includes the association: wüstite + periclase from the D" layer at the core-mantle boundary (Kaminsky et al., 2009a) , confirm that an association of diamond + "chalypite" + graphite may crystallize from an iron-carbon liquid (locally enriched in carbon) either in the region of the uppermost stratified layer within the outer core or at the D" layer, along with the association wüstite + periclase.
The presence of native iron and graphite, in the iron carbide associations studied, indicates that the oxygen fugacity for this association was lower than the iron-wüstite oxygen buffer (ca. -9.5 to -10.5 log fO 2 ; Taylor, 1990; Fedorov et al., 2002) , and possibly as low as ca. -14 log fO 2 , as was estimated by Solovova et al. (2002) for the association: native iron + cohenite in basalt from Disko Island, Greenland. Such highly reduced conditions might have occurred early in the history of Earth; for example, according to the model of the Earth's core growth by Galimov (2005) , such conditions prevailed during only the first 100 million years of the Earth's development.
Subsequently, the oxygen fugacity became higher, and oxidation of native iron and iron carbide started with the formation of magnetite. However, because this process was not developed until the total oxidation of native iron and iron carbides, the existing association in diamond, which trapped the partially oxidised association, remained in disequilibrium. The analogous disequilibrium association: native Fe + magnetite has been observed in natural environment earlier, in one of the primary, rosette-like inclusions in diamond from the Mir pipe, Siberia (Sobolev et al., 1981) .
During the course of partial (and local) oxidation, nitrogen, which initially was incorporated in iron carbide ("nitrocarbide"), was unable to remain in magnetite; it was released, resulting in the formation of porous magnetite. In other mineral phases (carbides/nitrocarbides and native iron) nitrogen remained as part of their composition.
Nitrogen in "chalypite"
A noticeable compositional feature of "chalypite" is a high concentration of nitrogen, identified in some grains. The admixture of nitrogen in iron carbide was identified via EDX spectra (Fig. 3A) . Moreover, this high concentration of nitrogen was quantified by means of EELS spectra, such that in some "chalypite" grains, the 7.3-9.1 at.% provides a C/(C+N) anion ratio within a range of 0.73-0.81 ( Fig. 11; Table 2 ), and allows the consideration of this mineral as nitrocarbide. One of the grains from foil #2053, according to its diffraction patterns ( Fig. 4D ; Table 1 , anal. #10), is carbonitride with an approximate ratio value C/(C+N) ~ 0.20 (i.e., an extreme predominance of nitrogen over carbon); its Fe/(C+N) ratio is 2.17 which is close to stoichiometric "chalypite" (2.33, as we suggest).
To our knowledge, nitrocarbides and carbonitrides are not found under natural terrestrial conditions. However, nitrides (osbornite TiN and BN) are known in chromitites from the Luobasa, Tibet ophiolites, where they associate with diamond (Dobrzhinetskaya et al., 2009 ).
In our sample, not only "chalypite" but native iron as well has a noticeable nitrogen impurity (Fig. 3B) . The entire Fe-C system thus was enriched in nitrogen, and that nitrogen may play important role in the deep mantle and the D" layer. Not occasionally, high concentrations of nitrogen were identified only in the composition of "chalypite", which is the deepest mineral phase in the Fe-C system. The deeper is the origin of the phase (association), the more it is enriched in nitrogen.
Role of iron carbides and nitrogen in the Earth's interior
According to geophysical and experimental data, iron carbides play, along with iron, a significant role in the composition of the Earth's interior. The liquid outer core is ~3-8% less dense than molten iron. Moreover, compressional sound waves travel ~3% faster in this material as opposed to through molten iron, under comparable conditions. Hence lighter elements, such as H, C, O, among others, have been considered as most probable additional core components (e.g., Wood, 1993 and references therein) . High-pressure experiments and their extrapolations allowed Scott et al. (2001) to conclude that iron carbide fulfill the density and elastic criteria necessary to be present in the Earth's outer core, and that carbon (along with hydrogen and sulfur) could be a major alloying component in the Earth's core. These conclusions can be applied to the inner core as well, where the density deficit is lower but still significant (~2.5-9%). Iron carbide in the inner core would explain both the observed seismic anisotropy and the density of the inner core, which is lower than pure iron under corresponding pressure and temperature conditions (Gao et al., 2009) . According to the data on sound velocity for iron carbide at high pressures, a reduced carbon content in the inner core (corresponding to ~1 wt.% of carbon) could reasonably explain density and velocity differences between measurements made on pure iron and the seismic models (Fiquet et al., 2009) .
The Earth's core is a major reservoir of nitrogen. Nitrogen concentration in the core is ~0.5 wt.% (Sugiura, 1998) , and its content for the core is estimated at ~1  10 24 g, which is several magnitudes higher than the total N budget in other parts of the Earth (Miyazaki et al., 2004) . The solubility of N in molten iron was reported to be ~0.05 wt.% at 1600 o C; and it rapidly increases with decreasing fO 2 (Miyazaki et al., 2004) . According to high-pressure experiments, the most probable concentrators of nitrogen are iron nitrides; the most stable of them is Fe 7 N 3 , which was synthesised at 51 GPa and is stable up to 168 GPa. For this reason, Fe 7 N 3 is suggested to be a part of the inner core (Adler and Williams, 2005) .
Our data correspond to these conclusions and experiments. The system Fe-C-N, in various combinations, is the most likely model of the Earth's core and worth studying experimentally in more detail.
Conclusions
1. A series of iron carbides, "chalypite" -cohenite -haxonite is present as a composite inclusion in diamond. This series is analogous to industrial iron carbides having the same compositions.
2. "Chalypite" is confirmed as a natural compound both structurally and chemically. Some "chalypite" grains are greatly enriched in nitrogen (7.3-9.1 at.%) and are, therefore, a nitrocarbide.
3. The series "chalypite" -cohenite -haxonite, along with native iron, is associated with lower-mantle minerals, included in diamond. Some of the mineral inclusions (wüstite + periclase) were formed, most likely, within the D" layer, at the core-mantle boundary.
4. We suggest, on the basis of high-pressure mineral paragenesis and experimental data on the system Fe-C, that "chalypite" crystallized within a pressure interval of 50-130 GPa from an iron-carbon melt that was rich in nitrogen which, possibly, had its source in the outer core or within the D" layer.
5. Following crystallization, iron carbides and native iron were partially (locally) oxidised to magnetite, which released nitrogen to form pores in magnetite. The resulting, disequilibrium association was encapsulated in diamond along with a variety of other high-pressure minerals.
6. The transportation of the resulting polyphase inclusion in diamond was, possibly, complex. The diamond may have been involved into the mantle convection process. At the final stage it was delivered to the Earth's surface as a result of kimberlitic eruption. (Foil #2053) . Note the even interface between iron carbide and diamond, whereas the interface between iron carbide and graphite is always irregular. Small iron carbide fragments of an originally larger grain are present in the graphite matrix. Fig. 8 . TEM bright-field image of iron carbide platelets in a plate-like inclusion in diamond (Foil #2063). The strong dark diffraction contrast of the iron carbide platelets is due to similar orientation of the individual platelets, oriented with a low indexed zone axis parallel to the optical axis. Fig. 9 . High-resolution TEM image of an iron carbide platelet tip in foil #2063. The tip is coated with a thin (ca. 5-6 nm) graphite layer. Lattice fringes of (0002) graphite displayed in the image have a spacing of 0.335 nm. The assemblage of iron carbide with the well-crystallized graphite layer is embedded in poorly crystallized graphite or amorphous carbon. Table 3 . Table 2 . Chemical compositions of iron carbide grains from foil #2053 (at.%, EELS data). Table 3 . Composition of metals in magnetite and iron carbides (at.%, AEM and EELS data). Fig. 4B ; chemical composition in Table 2 , grain #11. ** See diffractogram in Fig. 4A . *** See diffractogram in Fig. 4C ; chemical composition in Table 2 , grain #12. **** See diffractogram in Fig. 4D . Table 2 . Chemical compositions of iron carbide grains from foil #2053 (at.%, EELS data).
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